This study is concerned with the microstructural analysis and improvement of the hardness and wear resistance of Ti-6Al-4V surface-alloyed materials fabricated by a high-energy electron beam. The mixtures of TiC, TiN, or TiC ϩ TiN powders and CaF 2 flux were deposited on a Ti-6Al-4V substrate, and then the electron beam was irradiated on these mixtures. In the specimens processed with a flux addition, the surface-alloyed layers of 1 mm in thickness were homogeneously formed without defects and contained a large amount (over 30 vol pct) of precipitates such as TiC, TiN, (Ti x Al 1Ϫx )N, and Ti(C x N 1Ϫx ) in the martensitic or N-rich acicular ␣ -Ti matrix. This microstructural modification, including the formation of hard precipitates and hardened matrices in the surface-alloyed layers, improved the hardness and wear resistance. Particularly in the surface-alloyed material fabricated by the deposition of TiN powders, the wear resistance was greatly enhanced to a level 10 times higher than that of the Ti alloy substrate. These findings suggested that surface alloying using high-energy electron-beam irradiation was economical and useful for the development of titanium-based surfacealloyed materials with improved hardness and wear resistance.
I. INTRODUCTION
to 900 ЊC). To overcome these shortcomings, surface alloying has been performed by depositing ceramic powders such TITANIUM alloys, having excellent specific strength as TiC, [17] TiB 2 , [17, 18] and SiC [7] on a titanium alloy substrate and stiffness, have been mainly used for structural and engine and by irradiating it with a high-energy laser or electron parts of ultrasonic airplanes, for materials for a petrochemibeam. Upon irradiation, the ceramic powders and the subcal plant, and for surgical implants, but their applications to strate surface are melted, and then titanium-based surfaceparts requiring wear resistance have been limited. [1, 2, 3] Thus, alloyed materials can be fabricated, as ceramic elements studies on the development of new advanced materials penetrate into the substrate and form hard precipitates. Parwhose surface properties are enhanced over titanium alloys ticularly, irradiation with a high-energy (in the range of have been conducted to achieve surface hardening or surface several megavolts) electron beam has several advantages: alloying. [4, 5, 6] One of the recent research efforts in surface (1) it results in a strong interface between a surface-alloyed hardening is the fabrication of surface-alloyed materials by layer and a substrate, (2) it has little influence on the substrate direct irradiation using high-energy heat sources such as a properties because of the short irradiation time, and (3) it laser or electron beam. [7] [8] [9] [10] [11] results in homogeneous heating and cooling. Compared with Physical deposition techniques such as ion implantation [12] the laser-beam method, this method has twice the thermal and plasma spray coating [13] and thermochemical surface efficiency and produces a thicker surface-alloyed layer, treatments such as nitriding, [14] carburization, and boridalthough it requires the use of a high-voltage electron ing [15] have been used in order to improve the surface properaccelerator. [19] ties of titanium alloy substrates. The former techniques In this study, a simple process is suggested to fabricate improve the resistance to indentation and deformation of the Ti-6Al-4V surface-alloyed materials by evenly depositing substrate material, but are prone to surface damage and TiC or TiN powders on a Ti-6Al-4V alloy substrate and then interfacial separation under repeated loading conditions, as irradiating it with a high-energy electron beam. Flux was well as due to the shallow thickness of the fabricated layer. [16] used to protect these ceramic powders from air and to proIn the latter cases, fabricated at high temperatures, a relamote homogeneous melting. Three kinds of surface-alloyed tively thick nitride or carbide layer can be made, but the materials were fabricated by varying the ceramic powders, substrate may be twisted or the surface properties may deteriin order to comparatively analyze the microstructural modification and the variations in hardness and wear resistance. ties. Figure 1(a) is an optical micrograph of the Ti-6Al-4V Figures 1(b) and (c). CaF 2 powders (density of 3.18 g/cm 3 and melting temperature of 1423 ЊC) were used as flux [21] and were mixed with TiC or TiN powders at a flux mixing ratio of 50 wt pct. These powder/flux mixtures were evenly deposited on the titanium alloy substrate of 100 ϫ 50 ϫ 15 mm in size and then pressed with a 120 kPa load. For convenience, specimens containing TiC or TiN powders mixed with 50 pct flux are referred to as "TC" and "TN," respectively, while a specimen containing both TiC and TiN powders (1:1) mixed with 50 pct flux, i.e., 25TiC-25TiN-50CaF 2 , is referred to as "TCN."
A high-voltage electron accelerator at the Budker Institute of Nuclear Physics (Novosibirsk, Russia) was used for irradiation. This accelerator has energy ranges of 1.0 to 2.5 MeV and a maximum power of 100 kW. The irradiation conditions such as beam power, beam current, and beam traveling speed are listed in Table II . The CaF 2 flux forms slag crusts after irradiation, and, thus, no flux exists in the surface-alloyed layer. Figure 2 is a schematic diagram showing the fabrication procedures. Here, there is no overlap of tracks because the scanning width is the same as the specimen width.
The surface-alloyed specimens were sectioned parallel to the irradiation direction, polished, and etched by a Kroll solution. Their microstructure was observed by an optical microscope and an SEM. Phases present inside the surfacealloyed layer were analyzed by X-ray diffraction, energydispersive spectrometry (EDS), and wavelength-dispersive spectrometry (WDS), and their volume fractions were measured by an image analyzer. The Hardness was measured from the surface down to the substrate by a Vickers hardness tester under a 500 g load, and the microhardness of the matrix and precipitates was measured by an ultramicro-Vick- Abrasive wear-resistance tests were performed by a drysand/rubber-wheel abrasion wear tester in accordance with ASTM G65-85 specifications.
[22] Wear-test specimens were machined to a size of 25 ϫ 50 ϫ 15 mm after grinding their substrate, which is composed of equiaxed ␣ and intergranular ␤ phases. Ceramic powders used for the surface alloying surface. They were worn in contact with sands (average diameter of 0.5 mm) between rubber-lined wheels under a were TiC and TiN powders with high hardness, excellent resistance to wear and heat, high thermal conductivity, and 20 kg load, and the weight loss was evaluated as resistance to abrasive wear. Wear testing was performed at room tema high melting point.
[20] The physical properties and sizes of TiC and TiN powders are shown in Table I, and their perature without using a lubricant, and the total wear distance
